We describe endogenous viral elements (EVEs) derived from parvoviruses (family Parvoviridae) in the genomes of the longtailed chinchilla (Chinchilla lanigera) and the degu (Octodon degus). The novel EVEs include dependovirus-related elements and representatives of a clearly distinct parvovirus lineage that also has endogenous representatives in marsupial genomes. In the degu, one dependovirus-derived EVE was found to carry an intact reading frame and was differentially expressed in vivo, with increased expression in the liver.
P
arvoviruses are small, nonenveloped viruses containing a single-stranded DNA (ssDNA) genome ϳ5 kb in length. In recent years, several reports have described endogenous viral elements (EVEs) derived from parvoviruses in animal genomes (1) (2) (3) (4) . We performed an in silico screen of recently published low-coverage genome sequence assemblies using the DatabaseIntegrated Genome Screening (DIGS) tool, version 1.0 (http: //paleovirology.org.uk/). Screening identified novel parvovirus-related EVEs in two caviomorph rodents, the long-tailed chinchilla (Chinchilla lanigera) and the degu (Octodon degus). A total of 12 novel EVEs were identified in these two species (Table 1) .
Chinchillas are medium-sized, crepuscular rodents that live at high altitude in the Andes mountains. Degus are small rodents endemic to the Chilean Matorral ecoregion. Although both species are indigenous to South America, they are relatively distantly related, having diverged ϳ37 million years ago (MYA) (5) .
Parvovirus genomes comprise two major gene cassettes that separately encode nonstructural (NS) and structural (VP) proteins. The genetic structures of previously described parvovirusderived EVEs have included complete viral genomes, intact individual genes, isolated genome fragments, and rearranged complete genomes (2, 3) . A similar range of genetic structures was observed here, with five of the novel EVEs representing complete or nearly complete viral genomes spanning both major gene cassettes, while the remainder represented single gene cassettes or fragments of genes (Fig. 1a) .
Phylogenetic analysis of the newly identified EVEs revealed that half of them grouped robustly within the diversity of avian and mammalian dependoviruses, while the others clustered in a single, well-defined clade composed exclusively of EVEs obtained from the genomes of South American and Australian mammals (Fig. 2) . In phylogenies, this lineage of EVEs formed a sister clade with exogenous viruses in the Parvovirus and "Bufavirus" (6) genera. None of the novel EVEs were orthologous in the species examined; thus, we could not infer minimum dates of integration based on orthology. However, we did identify a pair of endogenous dependovirus elements (C. lanigera-5a and -5b [ Table 1 ]) that had apparently been duplicated after integrating into the chinchilla genome. This pair of nearly identical elements shared at least two nonsense mutations (Fig. 1b) , indicating that the coding sequence had degenerated prior to its duplication, and can thus be assumed to have been evolving neutrally in the subsequent period. These elements are at least as old as the duplication event that generated them, which we estimated to have occurred between 2.8 and 5.6 MYA (data not shown).
Although most of the novel EVEs contained frameshifts and/or stop codons, insertions encoding apparently intact NS1 proteins were identified in both the chinchilla and the degu genomes. To exclude the possibility that it was somehow derived from contaminating viral DNA (7, 8) , one intact element (O. degus-4) was independently amplified from genomic DNA by PCR. Tissue was obtained from a fresh male headless O. degus cadaver (kindly donated by Adrian Palacios from Universidad de Valparaiso, Chile). Genomic DNA was extracted from liver tissue, and PCR using primers targeting the 5= and 3= flanking regions of O. degus-4 ( Fig.  3a) confirmed the presence of this EVE locus in a second, outbred degu individual, demonstrating that O. degus-4 is a genuinely endogenous sequence.
O. degus rodents were obtained from a breeding colony at the animal facility of the University of Valparaiso. All experiments were approved by the bioethics committee of the Universidad de Valparaiso and complied with the international NIH Approved Animal Welfare Assurance A5823-01.
Reverse transcription-PCR (RT-PCR) was used to investigate expression of O. degus-4 in distinct degu tissues. RNA was extracted from pancreas, liver, testicle, kidney, suprarenal, spleen, and lung tissues (Fig. 3b) . This analysis revealed that the O. degus-4 replicase is differentially expressed in vivo, with markedly elevated expression of mRNA in the liver and little or no expression in other tissues.
Scientifically, EVEs can be approached from two overlapping but distinct perspectives. First, they can be viewed a kind of genomic "fossil record" from which the long-term, coevolutionary relationships of viruses and hosts can be inferred. In this respect, the presence of a specific, monophyletic lineage of EVEs in both South American and Australian marsupial genomes, and the apparent absence of this lineage from the genomes of Old World rodents, suggests the existence of an ancient parvovirus lineage that evolved in the indigenous mammal populations of biogeographically isolated Southern Hemisphere continents (marsupials and xenarthrans) and was acquired by caviomorph rodents subsequent to their colonization of the South American continent (estimated to have occurred ϳ40 MYA [9] ).
The second way in which EVEs can be viewed is as host genes. While most EVE sequences are highly degenerated, it is clear that at least a proportion of these elements have been coopted or "exapted" (i.e., adapted for a function distinct from that for which they originally evolved [10] ) to perform physiological functions in their host species (11) (12) (13) (14) . Dependovirus-derived EVEs encoding intact replicase proteins have previously been identified in mam- genomes to exogenous parvoviruses and previously described EVEs. Phylogenies are based on alignments of NS1 proteins and putative NS1 proteins encoded by EVE pseudogenes and were constructed using PHYML (18) and the JTT ϩ protein substitution model as selected by ProtTest (19) . EVEs identified in this study are underlined. Phylogenies are midpoint rooted for clarity of presentation. The scale bar indicates evolutionary distance in numbers of substitutions per amino acid site. Branches shown as dashed lines have been shortened and are not shown to scale. Asterisks indicate nodes with maximum likelihood bootstrap support levels above 75% for 100 bootstrap replicates. EVE, endogenous viral element; AAV, adeno-associated virus; MV, minute virus; PV, parvovirus; NS, nonstructural protein gene cassette; VP, viral capsid protein gene cassette. malian genomes, including those of the African elephant (Loxodonta africana) and the Hamadryas baboon (Papio hamadryas). However, this is the first study to demonstrate expression of such elements in vivo. While no physiological function has yet been demonstrated for the numerous parvovirus-related EVEs in mammalian genomes, the identification of an intact element with differential expression across tissues provides further indication that such functions may exist. Since degus are experimental organisms that are used currently to research mammalian pathologies and behaviors (15, 16) , the identification of an intact, expressed parvovirus-derived EVE in this species suggests a possible path forward for research in this area.
